The metabolic flexibility of the opportunistic fungal pathogen Candida albicans is important for colonisation and infection of different host niches. Complex regulatory networks, in which protein kinases play central roles, link metabolism and other virulenceassociated traits, such as filamentous growth and stress resistance, and thereby control commensalism and pathogenicity. By screening a protein kinase deletion mutant library that was generated in the present work using an improved SAT1 flipper cassette, we found that the previously uncharacterised kinase Sak1 is a key upstream activator of the protein kinase Snf1, a highly conserved regulator of nutrient stress responses that is essential for viability in C. albicans. The sak1D mutants failed to grow on many alternative carbon sources and were hypersensitive to cell wall/membrane stress. These phenotypes were mirrored in mutants lacking other subunits of the SNF1 complex and partially compensated by a hyperactive form of Snf1. Transcriptional profiling of sak1D mutants showed that Sak1 ensures basal expression of glyoxylate cycle and gluconeogenesis genes even in glucose-rich media and thereby contributes to the metabolic plasticity of C. albicans. In a mouse model of gastrointestinal colonisation, sak1D mutants were rapidly outcompeted by wild-type cells, demonstrating that Sak1 is essential for the in vivo fitness of C. albicans.
Summary
The metabolic flexibility of the opportunistic fungal pathogen Candida albicans is important for colonisation and infection of different host niches. Complex regulatory networks, in which protein kinases play central roles, link metabolism and other virulenceassociated traits, such as filamentous growth and stress resistance, and thereby control commensalism and pathogenicity. By screening a protein kinase deletion mutant library that was generated in the present work using an improved SAT1 flipper cassette, we found that the previously uncharacterised kinase Sak1 is a key upstream activator of the protein kinase Snf1, a highly conserved regulator of nutrient stress responses that is essential for viability in C. albicans. The sak1D mutants failed to grow on many alternative carbon sources and were hypersensitive to cell wall/membrane stress. These phenotypes were mirrored in mutants lacking other subunits of the SNF1 complex and partially compensated by a hyperactive form of Snf1. Transcriptional profiling of sak1D mutants showed that Sak1 ensures basal expression of glyoxylate cycle and gluconeogenesis
Introduction
The yeast Candida albicans inhabits many different niches in its human host. As a normally harmless member of the microbiota of most healthy persons it colonises the skin, the oral cavity and the gastrointestinal and urogenital tracts. When host defenses are compromised or the competing bacterial microflora is disturbed, C. albicans can also become a pathogen and cause symptomatic infections of these body sites (e.g., oral and vaginal thrush). In severely immunocompromised patients or patients with disturbed epithelial barriers, C. albicans may disseminate via the bloodstream and cause lifethreatening systemic infections (Odds, 1988) . In order to establish itself within such diverse host niches, C. albicans must be able to adhere to various tissue surfaces, utilise the available nutrients for growth and withstand adverse conditions encountered in different environments. In response to a variety of stimuli, including nutrient limitation, C. albicans switches from growth as a budding yeast to filamentous growth, which facilitates tissue invasion and escape from macrophages (Kumamoto and Vinces, 2005) . Surface adherence and filamentous growth are also important for the formation of biofilms, which protect the cells from attack by the immune system and are a source of dissemination (Blankenship and Mitchell, 2006; Nobile and Johnson, 2015) .
The metabolic flexibility of C. albicans, which enables it to utilise many different carbon and nitrogen sources, is considered as a key aspect of both commensalism and infection (Barelle et al., 2006; Brown et al., 2014; Ene et al., 2014) . The preferred carbon source glucose is present only at low levels in many host niches, and the ability to utilise alternative carbon sources is critical for the virulence of C. albicans; mutants lacking glyoxylate cycle or gluconeogenesis genes, which are required for growth on nonfermentable carbon sources, are attenuated in mouse models of gastrointestinal colonisation and systemic candidiasis (Lorenz and Fink, 2001; Barelle et al., 2006; Ramirez and Lorenz, 2007; Childers et al., 2016) . Nutrient availability influences the physiological status of the cells, and growth of C. albicans on alternative carbon sources has been shown to impact the structure of the cell wall, stress resistance and recognition by the immune system (Ene et al., 2012 (Ene et al., , 2013 . Complex regulatory networks link metabolism, morphogenesis and stress adaptation and thereby control commensalism and virulence . Elucidating these regulatory networks is therefore important for our understanding of C. albicans pathobiology and may also disclose new ways to impede growth and virulence of C. albicans.
Protein kinases are involved in virtually all signalling pathways that regulate cellular responses to external and internal cues and are therefore of central interest in efforts to understand how C. albicans coordinates adaptive behaviours during colonisation and infection. In addition, protein kinases are prime targets for therapeutic intervention in many human diseases (Rask-Andersen et al., 2014) and are also considered as potential targets for novel antifungal drugs (Bastidas et al., 2008) . Some conserved protein kinase signalling pathways, such as the PKA pathway, several MAP kinase pathways, or the TOR pathway, have been studied in great detail in C. albicans (Monge et al., 2006; Bastidas et al., 2009; Hogan and Sundstrom, 2009 ). In addition, an extensive C. albicans protein kinase insertion mutant library has been constructed in order to investigate the role of these signalling proteins in stress responses (Blankenship et al., 2010 ). Yet, many predicted protein kinases encoded in the C. albicans genome have not been characterised in depth or not at all, in part because homozygous null mutants could not be successfully generated.
In the present work, we have constructed a C. albicans deletion mutant library comprising all uncharacterised predicted protein kinases without an assigned gene name in the Candida genome database (CGD). After a primary screening of this library for mutants with filamentous growth defects, we identified orf19.3840 as a crucial activator of the protein kinase Snf1 (sucrose nonfermenting 1), whose ortholog in the model yeast Saccharomyces cerevisiae is required for adaptation to glucose limitation and utilisation of alternative carbon sources (Celenza and Carlson, 1986 ). In C. albicans, SNF1 is essential for viability and so far had been characterised only by biochemical analysis of the SNF1 complex, heterologous expression in S. cerevisiae and expression from a repressible or weak promoter in C. albicans (Petter et al., 1997; Corvey et al., 2005; Vyas et al., 2015; Woolford et al., 2016) . Whereas in S. cerevisiae Snf1 can be activated by any of three partially redundant upstream kinases, we show that the Snf1-activating kinase Sak1 of C. albicans is a key regulator of Snf1 that is essential for metabolic adaptation and in vivo fitness of this opportunistic fungal pathogen.
Results
Generation of a C. albicans protein kinase deletion mutant library
The C. albicans genome contains 108 genes encoding known or predicted protein kinases (http://www.candidagenome.org). At the time when we performed the search (August 2013), 19 of these did not have an assigned gene name and were listed as uncharacterised open reading frames in CGD. As a part of an ongoing effort to generate a comprehensive library of protein kinase deletion mutants that are isogenic with the reference strain SC5314, we selected these 19 genes for the construction of a first set of mutants that could be used for phenotypic analyses in order to get insight into their biological functions (see Table S1 ). To avoid potential unspecific effects caused by the use of auxotrophic markers and host strains, especially in genome-wide analyses, the mutants were constructed directly from the prototrophic wild-type strain SC5314 using the SAT1-flipping strategy, which is based on the sequential replacement of both alleles of the target gene by the dominant caSAT1 selection marker and subsequent excision of the marker from the genome by the site-specific recombinase FLP (Reuß et al., 2004) . The final mutants generated in this way can therefore be directly compared with the parental wild-type strain. Since unspecific genomic alterations occur with relatively high frequency during the genetic manipulation of C. albicans (Arbour et al., 2009; Dunkel and Morschh€ auser, 2011) , two independent series of deletion mutants were constructed for each target gene to ensure the reproducibility of phenotypes caused by the absence of a protein kinase. For 13 of the 19 genes, the two alleles in strain SC5314 could be distinguished by a restriction site polymorphism (Table S1 ). In these cases, both possible heterozygous mutants were obtained and used for the construction of homozygous mutants (see Fig. S1 for an example). The availability of heterozygous mutants in which one or the other allele of a gene is missing provides the opportunity to uncover allele-specific functions and distinguish them from gene dosage effects (Staib et al., 2002) .
The SAT1 flipper cassette that was used for the construction of the protein kinase deletion mutants is a newer version, in which caFLP (Candida-adapted FLP) is expressed from the tightly controlled, full-length SAP2 promoter instead of the leaky MAL2 promoter (Sasse et al., 2011) . With this modified cassette, virtually no FLP-mediated recombination occurs during growth of the transformants under noninducing conditions (some recombination may occur after prolonged growth in YPD medium). This reduces the risk of undesired recombination events involving previously used FRT sites, especially when selecting for the presence of the marker (and the linked caFLP gene) during the second round of transformation or when multiple genes are inactivated. In addition, FLP-mediated excision of the cassette after passage in the inducing medium YCB-BSA is so efficient that no prescreening for nourseothricin-sensitive clones on medium with a low concentration of the inhibitor is necessary. As efficient marker recycling is considered as an important aspect in similar gene deletion strategies for C. albicans (Shahana et al., 2014) , we undertook a systematic analysis of the efficiency of FLP-mediated marker recycling during the construction of our protein kinase deletion mutant library. After integration of the deletion cassette into the first and second allele of each target gene and subsequent passage in inducing medium, 12 colonies were randomly picked from YPD plates and tested for nourseothricin resistance. Of the 864 clones tested in this way (from 2 3 19 heterozygous and 2 3 17 homozygous mutants), 830 (96%) were nourseothricin-sensitive, confirming the high efficiency of excision when using this cassette.
We obtained homozygous mutants for 17 of the 19 protein kinase genes, including orf19.3840, orf19.6275 and orf19.6492, which are described in CGD as possibly essential genes and/or for which no disruptants had been obtained in previous attempts (Blankenship et al., 2010) . We did not get homozygous mutants for orf19.3456 and orf19.5376, although either of the two alleles of these genes could be targeted in the heterozygous mutants. For both genes, more than 50 secondround transformants were tested, but they all retained the remaining wild-type copy and, except for a few ectopic insertions, integration always occurred into the already inactivated allele. Therefore, these genes are likely to be essential, in line with previous observations (http://www.candidagenome.org).
The protein kinase Sak1 is important for proper morphogenesis, metabolic adaptation and stress resistance of C. albicans
The ability to switch from yeast to filamentous growth is an important virulence trait of C. albicans, and scoring the colony phenotype of mutants after growth on solid Spider medium, which induces filamentation, is a commonly used approach to detect defects in morphogenesis (Homann et al., 2009; Noble et al., 2010) . To investigate if any of the uncharacterised protein kinases are involved in the regulation of filamentous growth, we screened our mutant library for altered colony phenotypes on Spider medium. Most of the mutants behaved similarly to the wild-type parent SC5314 and grew as filamentous colonies after several days of incubation at 378C (Fig. S2) . However, the mutants deleted for orf19.792 and orf19.3840 did not form filamentous colonies, and we focused on orf19.3840 to study the biological function of the encoded putative protein kinase. The closest homolog of orf19.3840 in the model yeast S. cerevisiae is SAK1, which encodes one of three partially redundant upstream activating kinases of Snf1, a protein kinase that is required for adaptation to glucose limitation and utilisation of alternative carbon sources (Hong et al., 2003) . The results reported below demonstrate that the protein kinase encoded by orf19.3840 indeed activates Snf1 in C. albicans and we therefore refer to this gene as SAK1.
Spider medium contains mannitol instead of the preferred carbon source glucose, and the sak1D mutants not only failed to form filaments but also grew poorly on this medium (Fig. 1A) . We therefore tested whether SAK1 was generally required for filamentous growth of C. albicans or if the filamentation defect of the mutants reflected an inability to adequately respond to specific nutritional conditions. On plates in which mannitol was replaced by a lower concentration of glucose (Spider D), the sak1D mutants grew well, but unlike the wild type did not filament (Fig. 1A) . In contrast, the sak1D mutants did not exhibit a filamentation defect on nitrogen-limiting SLAD plates; in fact, the colonies had an even wider hyphal fringe than those of the wild type. The sak1D mutants also formed filamentous colonies on plates containing serum, a strong inducer of filamentation, although their growth was reduced compared to the wild type. The colony phenotype of the sak1D mutants was also altered on YPD plates, on which they formed rough colonies instead of the smooth wild-type colonies. A morphogenesis defect was also observable in liquid Spider medium, although the sak1D mutants did form some filaments, whereas hyphal growth was normal in serum-containing RPMI medium (Fig. 1B) . Heterozygous mutants behaved similarly to the wild type under the conditions tested, and the defects of the homozygous mutants were complemented after reintroduction of a functional SAK1 copy. Collectively, these results demonstrate that Sak1 is not required for filamentation per se, but for the proper induction of morphogenesis in response to glucose limitation.
We then tested the ability of sak1D mutants to grow on various other carbon sources. The mutants displayed Sak1 is essential for in vivo fitness of C. albicans 991 severe growth defects on minimal media containing glycerol, ethanol, citrate, lactate or oleate as the sole carbon source, whereas growth was only slightly reduced when glucose was replaced by sucrose or acetate ( Fig. 2A) . Similar phenotypes were observed when sucrose, glycerol, or acetate were substituted for glucose in YPD plates (Fig. S3) . S. cerevisiae mutants lacking activated Snf1 also exhibit increased sensitivity to cell wall stress, because they have a weakened cell wall (Backhaus et al., 2013) . The C. albicans sak1D mutants were highly sensitive to the cell wall-/membrane-disturbing agents Congo Red, caffeine and SDS (Fig. 2B) , suggesting that Sak1 is important for Snf1 activity in this pathogenic yeast.
Snf1 activation depends on Sak1
In S. cerevisiae, Snf1 is activated by phosphorylation of Thr210 in its activation loop by the three partially redundant upstream kinases Elm1, Sak1 and Tos3 (Hong et al., 2003; Nath et al., 2003; Sutherland et al., 2003) . The activation loop in CaSnf1 is identical to that of ScSnf1, with Thr208 corresponding to Thr210, and an antibody that is specific for the phosphorylated form of ScSnf1 also recognises CaSnf1 (Orlova et al., 2008) . While ScSnf1 is activated in response to various stress conditions, CaSnf1 is constitutively phosphorylated at Thr208 (Orlova et al., 2008) . To investigate whether Sak1 acts as an upstream activating kinase for Snf1 in C. albicans, we detected Thr208-phosphorylated Snf1 (thereafter referred to as Snf1*) in cell extracts of the wild type and sak1D mutants by western blotting. After growth in YPD medium, Snf1* could be readily detected in wildtype cells, but not in sak1D mutants (Fig. 3A) , suggesting that Snf1 phosphorylation completely depends on Sak1 under these conditions. Phosphorylation of Snf1 was Sak1 is essential for in vivo fitness of C. albicans 993 restored upon reintroduction of a functional SAK1 copy into the mutants. The absence of the Snf1*-specific band was not caused by reduced total Snf1 protein levels, because both the wild type and sak1D mutants produced comparable levels of HA-tagged Snf1 when one of the endogenous SNF1 alleles was replaced by a SNF1-HA allele (Fig. 3B) .
We also compared Snf1* levels in the wild type and sak1D mutants grown on alternative carbon sources on which the sak1D mutants exhibited only a slight or a moderate growth defect (see Fig. S3 ) and Snf1 might be activated by an alternative upstream kinase for metabolic adaptation. Protein extracts were prepared from log-phase cells and analysed by western blotting with an antibody against Thr208-phosphorylated Snf1 (a-Snf1*) or an anti-HA antibody (a-HA). Both independently generated series of mutants are shown in each case. A. Thr208 phosphorylation of Snf1 in the wild type, sak1D mutants, and complemented strains grown in YPD medium. B. Snf1-HA levels in wild-type and sak1D cells containing an HAtagged SNF1 allele; strains were grown in YPD medium. C. Thr208 phosphorylation of Snf1 in the wild type, sak1D mutants, and complemented strains grown in YP medium containing sucrose (YPSuc), acetate (YPAc), or glycerol (YPG) instead of glucose. D. Protein extracts from wild-type and sak1D cells grown in YPSuc were treated or not treated with k-phosphatase and analysed with the anti-Snf1* antibody. E. Protein extracts from YPD-grown wild-type and mutant strains containing a single wild-type SNF1 allele or a mutated SNF1 T208A allele were analysed with the anti-Snf1* antibody. L181I allele. A. YPD overnight cultures of the strains were appropriately diluted and plated on different media. Representative colonies were photographed after 7 days of incubation at 30 or 378C. B. YPD overnight cultures of the strains were diluted in fresh YPD or the indicated hypha-inducing media and incubated for 5 h without shaking at 30 or 378C. The two independently generated series of mutants behaved identically and only one of them is shown.
We did not observe increased Snf1* levels in the wild type upon switching the carbon source from glucose to sucrose, acetate or glycerol, and Snf1 phosphorylation still depended on Sak1 (Fig. 3C ). However, a faint band migrating at the same position as Snf1* became visible in the mutants, especially in sucrose-containing medium. We excluded the possibility that this signal reflected residual binding of the antibody to nonphosphorylated Snf1 (we specifically refer to the phosphorylation state of Thr208 when using this term in our present study), because it disappeared after phosphatase treatment of the protein extracts (Fig. 3D ). Therefore, this low level of Snf1 phosphorylation, mediated by some other kinase(s), may enable C. albicans to grow on sucrose and acetate, but not other tested alternative carbon sources, in the absence of Sak1.
Several additional weak bands were observed in the western blots shown in Fig. 3 . These were not alternative forms of Snf1* (e.g., degradation products), because their intensity was unaltered in the sak1D mutants, and they also appeared in strains with a mutated Snf1 in which Thr208 is replaced by a nonphosphorylatable alanine residue (Fig. 3E, see below) . The bands disappeared after phosphatase treatment (Fig. 3D ), indicating that they represent phosphorylated forms of other protein kinases with a similar activation loop that show a weak cross reaction with the anti-Snf1* antibody.
Sak1 regulates morphogenesis, carbon source utilisation and stress resistance by activating Snf1
If the phenotypes of the sak1D mutants were caused by their inability to activate Snf1, the defects might be reversed by compensatory mutations that result in increased Snf1 activity. An L183I substitution in the catalytic domain of ScSnf1 renders the kinase independent of the scaffold protein Snf4, which is normally required for Snf1 activation . Hypothesising that an analogous mutation might result in hyperactivity of CaSnf1, we replaced one of the resident SNF1 alleles in the sak1D mutants by a mutated allele encoding a corresponding L181I substitution. Indeed, the SNF1 L181I allele partially neutralised the growth defects of the sak1D mutants. In particular, filamentation on Spider and Spider D media was restored, and the colonies also had a more wild-type appearance on YPD plates L181I allele on different carbon sources and under various stress conditions. YPD overnight cultures of the strains were adjusted to an optical density (OD 600 ) of 2.0. Serial 10-fold dilutions were spotted on YNB agar plates containing the indicated carbon sources (A) or on YPD plates with the indicated stressors (B) and incubated for 4 days at 308C. Both independently generated series of mutants are shown in each case.
Sak1 is essential for in vivo fitness of C. albicans 995 (Fig. 4) . Growth on alternative carbon sources was also improved (Fig. 5A) , although no increased phosphorylation of Snf1 was observable (Fig. 6 ). In addition, the mutated Snf1 enhanced the resistance of the sak1D mutants to cell wall stress, albeit not to wild-type levels (Fig. 5B) . These results indicate that the L181I mutation in Snf1 partially bypasses the requirement for Thr208 phosphorylation for the kinase to become activated.
Thr208 phosphorylation of Snf1 is not essential for viability of C. albicans SNF1 appears to be an essential gene in C. albicans, because no homozygous mutants were obtained in previous attempts (Petter et al., 1997; Enloe et al., 2000; Blankenship et al., 2010) . We also failed to generate homozygous snf1D mutants of strain SC5314, although either of the two alleles could be deleted in heterozygous mutants (Table S2) , supporting the idea that Snf1 is essential for the viability of C. albicans. On the other hand, we found that Sak1 is dispensable, although it is a key upstream activating kinase for Snf1 in C. albicans. To investigate if a nonphosphorylated Snf1 is sufficiently functional to support growth under appropriate conditions, we generated strains containing a single mutated SNF1 allele encoding a T208A exchange. These mutants were indeed viable, but they had a severe growth defect even on rich YPD medium and could not grow at all on alternative carbon sources or in the presence of cell wall/membrane stress (Fig. 7) . Unlike sak1D mutants, cells with the Snf1 T208A mutation were unable to grow on Spider and SLAD plates, and growth on serum plates was also severely restricted (Fig. 8A) . Nevertheless, hypha formation could still be induced in these mutants when they were inoculated into liquid RPMI medium with serum (Fig. 8B) . These results demonstrate that even a nonphosphorylatable form of Snf1 retains sufficient activity to render C. albicans viable. The more severe defects caused by the Snf1 T208A mutation, as compared to the deletion of SAK1, may be explained by residual, low-level Snf1 phosphorylation in the sak1D mutants, but it is also possible that replacement of the polar Thr208 residue by a hydrophobic alanine residue further impaired the function of nonphosphorylated Snf1.
Phenotypic consequences of loss of different SNF1 complex subunits
Besides the catalytic a subunit Snf1, the SNF1 complex of C. albicans consists of the g subunit Snf4 and one of the two b subunits Kis1 and Kis2 (Corvey et al., 2005) . In S. cerevisiae, Snf4 binds to the autoinhibitory domain of Snf1, thereby releasing the catalytic domain for activation (Jiang and Carlson, 1996) , whereas the b subunits Sip1, Sip2, or Gal83 are responsible for the interaction with target proteins and regulate the subcellular localisation of the kinase (Jiang and Carlson, 1997; Schmidt and McCartney, 2000; Vincent et al., 2001) . To investigate whether phenotypes caused by the absence of the upstream activating kinase Sak1 would be mirrored in mutants with a defective SNF1 complex in C. albicans, we deleted SNF4, KIS1 and KIS2 in the wild-type strain SC5314.
Mutants lacking SNF4 exhibited phenotypes similar to those of sak1D mutants, but the growth defects on alternative carbon sources were exacerbated (Figs 9 and 10) . This was most evident on Spider plates, on which the snf4D mutants did not grow at all (Fig. 9A) , and on media containing sucrose or acetate as the sole carbon source, on which sak1D mutants grew relatively well (compare the growth phenotypes in Figs 2A and 10A) . The snf4D mutants also exhibited reduced growth on plates containing glucose as the carbon source (Fig. 10A) and were unable to grow on SLAD plates, on which wild-type cells also grow slowly because of the nitrogen limitation (Fig.   Fig. 6 . Thr208 phosphorylation of Snf1 in sak1D mutants and derivatives containing the hyperactive SNF1 L181I allele. Protein extracts were prepared from cells grown in YP medium with glucose (YPD), sucrose (YPSuc), acetate (YPAc), or glycerol (YPG) and analysed by western blotting with an antibody against Thr208-phosphorylated Snf1. Both independently generated series of mutants are shown in each case. 9A). Snf1 could still be phosphorylated at Thr208, although the levels of Snf1*, but not total Snf1, were lower in snf4D mutants than in the wild type (Fig. 11) . These results indicate that Snf1 function is more severely affected by the absence of the activating subunit Snf4 than by a lack of Sak1-mediated phosphorylation at Thr208.
Removal of the autoinhibitory domain from ScSnf1 or from the catalytic a1 subunit of the related mammalian AMP-activated protein kinase (AMPK) renders the kinases at least partially independent of their g subunits (Celenza and Carlson, 1989; Jiang and Carlson, 1996; Crute et al., 1998) . To test whether deletion of the regulatory domain of Snf1 would also bypass the requirement for Snf4 in C. albicans, we replaced one of the wild-type SNF1 alleles in the snf4D mutants by a mutated version, SNF1 DC340 , which corresponds to a hyperactive form of mammalian AMPK truncated at position 312 (Crute et al., 1998) . Western blot analysis showed that the wild-type and truncated forms of Snf1 were phosphorylated with similar efficiencies (Fig. S4A) . The truncated Snf1 did not overcome the growth defect on alternative carbon sources and the stress sensitivity of the snf4D mutants ( Fig. S4B and C) . However, it enabled some growth on Spider plates (Fig. S5A) , although filamentation in Spider medium was not improved (Fig. S5B) . Notably, hypha formation in RPMI medium with serum was increased, and growth and filamentation on SLAD plates were also restored to wildtype levels. Collectively, these results show that, unlike the catalytic subunit Snf1, the regulatory subunit Snf4 of the SNF1 complex is not essential for the viability of C. albicans, but it is required for the functionality of Snf1 under most conditions, presumably by relieving it from autoinhibition in response to inducing stimuli, as in S. cerevisiae (Jiang and Carlson, 1996) . Mutants lacking KIS1 or KIS2 had milder phenotypes. The kis1D mutants exhibited the same growth defect as sak1D mutants on alternative carbon sources (Fig. S6A ), but could still filament on Spider plates and showed even enhanced filamentation on Spider D plates (Fig. S7) . A recent study also found that kis1D mutants had a growth defect when a-ketoglutarate was used as an alternative carbon source (Danhof et al., 2016) . In contrast, the kis2D mutants did not exhibit an obvious growth defect on alternative carbon sources (Fig. S8A) , but showed reduced filamentation on Spider and Spider D media (Fig. S9) . Neither of the mutants exhibited strong hypersensitivity to cell wall stress, although the kis1D mutants were slightly more sensitive to Congo red and caffeine (Figs S6B and S8B) , in line with a previous report that kis1D mutants are hypersensitive to the cell wall-targeting drug caspofungin (Blankenship et al., 2010) . These YPD overnight cultures of the wild-type strain SC5314 and mutant derivatives containing a single wild-type SNF1 allele or a mutated SNF1 T208A allele were adjusted to an optical density (OD 600 ) of 2.0. Serial 10-fold dilutions were spotted on YNB agar plates containing the indicated carbon sources (A) or on YPD plates with the indicated stressors (B) and incubated for 4 days at 308C. Both independently generated series of mutants are shown in each case.
Sak1 is essential for in vivo fitness of C. albicans 997 results indicate that the two b subunits of the C. albicans SNF1 complex differ from one another with respect to their physiological functions. Kis1 is required for metabolic adaptation and utilisation of alternative carbon sources, whereas Kis2 contributes to the proper regulation of morphogenesis under some of these conditions.
Alterations in the gene expression profile of sak1D mutants
To get insight into the basis of the growth defects and susceptibility to cell wall stress of the sak1D mutants, we analysed the alterations in gene expression caused by the absence of Sak1. We compared the transcriptional profiles of wild type and sak1D mutants grown in YPD medium, because Sak1 was essential for Snf1 activation under these conditions but the mutants could still grow well, so that indirect effects due to a growth defect in other media could be avoided. DNA microarray analysis found 187 genes to be downregulated and 358 genes to be upregulated by at least twofold in the sak1D mutants, with both independently generated mutants producing highly similar results (Table S3) . Among the most strongly downregulated genes (more than threefold, 33 genes) were five putative glucose transporters (HGT10, HGT1, HGT2, HGT8 and HGT14), in line with the role of the SNF1 complex in the response to glucose limitation. HGT10, the second-most strongly downregulated gene, is also annotated as a glycerol permease. Insufficient expression of such a transporter would explain the poor growth of the sak1D mutants on glycerol as the sole carbon source. In addition, PCK1, encoding phosphoenolpyruvate carboxykinase, a key enzyme in gluconeogenesis, and ICL1, encoding the glyoxylate cycle enzyme isocitrate lyase, were among the top 10 downregulated genes. These alterations in gene expression provide an explanation for the observed growth defects of the sak1D mutants on many alternative carbon sources and also for their slightly reduced growth on minimal medium with glucose. The constitutive phosphorylation of Snf1 by Sak1 seems to ensure a basal expression level of genes that are required for the utilisation of alternative carbon sources even in rich YPD medium and contribute to the metabolic flexibility of C. albicans.
Among the genes that were upregulated in the sak1D mutants, the most highly enriched categories had the GO terms "cell wall organisation or biogenesis" (38 genes) and "polysaccharide metabolic process" (17 genes). This result indicates that the cell wall of sak1D mutants is strongly altered, which in turn provides a reasonable explanation for their sensitivity to agents causing cell wall/membrane stress. Upregulation of some of these genes may also occur as a compensatory reaction of C. albicans to cell wall defects.
Sak1 is essential for the fitness of C. albicans in a mammalian host
Metabolic flexibility is considered as an important aspect in the ability of C. albicans to colonise the mammalian gastrointestinal tract and cause infections (Brock, 2009; Brown et al., 2014; Ene et al., 2014; Childers et al., 2016) . Snf1 is a core regulator of nutritional adaptation, and our results A. YPD overnight cultures of the wild-type strain SC5314 and mutant derivatives containing a single wild-type SNF1 allele or a mutated SNF1 T208A allele were appropriately diluted and plated on different media. Representative colonies were photographed after 7 days of incubation at the indicated temperature. B. YPD overnight cultures of the strains were washed in water, diluted 10 23 in fresh YPD or the indicated hypha-inducing media and incubated for 5 h without shaking at 378C. The two independently generated series of mutants behaved identically and only one of them is shown.
show that in C. albicans Sak1 is a crucial activator of this essential kinase. However, Snf1 retains sufficient basal activity in the absence of Sak1 to enable growth under some conditions, and the possibility remains that in the host environment Snf1 can also be activated by other kinases. To assess the importance of Sak1 for the ability of C. albicans to colonise a mammalian host, we tested the competitive fitness of sak1D mutants in a mouse model of gastrointestinal colonisation, which mimics the natural habitat of C. albicans (White et al., 2007; Sasse et al., 2012) . The fact that sak1D mutants exhibited an altered colony morphology and could be selectively stained A. YPD overnight cultures of the strains were appropriately diluted and plated on different media. Representative colonies were photographed after 7 days of incubation at the indicated temperature. B. YPD overnight cultures of the strains were washed in water, diluted 10 22 in fresh YPD or the indicated hypha-inducing media and incubated for 5 h without shaking at 378C. The two independently generated series of mutants behaved identically and only one of them is shown.
Sak1 is essential for in vivo fitness of C. albicans 999 with phloxine B allowed an easy discrimination of wild-type and mutant cells in mixed populations (Fig. 12A ). Mice were intragastrically infected with mixtures of the parental wild-type strain SC5314 and either of the two independently constructed sak1D mutants, and the relative proportions of the two strains in the colonising population over time were determined after recovery of the cells from the feces of the animals on the following days. As can be seen in Fig. 12B , the sak1D mutants were rapidly outcompeted by the wild-type strain and basically eliminated from the population within few days. This result shows that Sak1 is essential for the successful establishment of C. albicans within a mammalian host.
Discussion
Snf1 is a founding member of the highly conserved Snf1/AMPK family, which plays a central role in adaptation to metabolic and other stresses in eukaryotic cells (Hedbacker and Carlson, 2008) . As Snf1 appears to be essential for the viability of C. albicans, the Snf1 signalling pathway represents an attractive target to combat infections by this fungal pathogen. However, the inability to generate snf1 deletion mutants has prevented a detailed analysis of its specific roles in metabolic and stress adaptation in C. albicans. In S. cerevisiae, Snf1 is activated by the three partially redundant upstream Fig. 10 . Growth of heterozygous and homozygous snf4D mutants and complemented strains on different carbon sources and under various stress conditions. YPD overnight cultures of the strains were adjusted to an optical density (OD 600 ) of 2.0. Serial 10-fold dilutions were spotted on YNB agar plates containing the indicated carbon sources (A) or on YPD plates with the indicated stressors (B) and incubated for 4 days at 308C. Both independently generated series of mutants are shown in each case. kinases Sak1, Tos3 and Elm1. Each of the three Snf1-activating kinases is dispensable for Snf1 activity and in most assays only elm3D sak1D tos3D triple mutants display phenotypes corresponding to those of a snf1D mutant, while single or double mutants behave like wildtype cells (Hong et al., 2003 , Sutherland et al., 2003 . In contrast, we found that in C. albicans Sak1 is crucial for Snf1 activation and sak1D mutants had many defects described for S. cerevisiae snf1D mutants. C. albicans does not have a homologue of TOS3, which is a paralogue of SAK1 that arose from the whole-genome duplication in S. cerevisiae (http://www.yeastgenome. org). However, an ELM1 homologue exists in C. albicans, the uncharacterised orf19.5376. This gene also seems to be essential in C. albicans, because it was one of the protein kinase genes for which we did not obtain homozygous mutants, confirming its description in CGD as a possibly essential gene. To investigate a potential contribution of the Elm1 homologue to Snf1 phosphorylation, we compared Snf1* levels in our heterozygous orf19.5376 mutants and the parental wild-type strain SC5314. We did not observe a reduction in Snf1 phosphorylation in the heterozygous mutants (data not shown), but a minor contribution of orf19.5376 may have been masked by the high Sak1 activity and absence of a gene-dosage effect. Although it cannot be excluded that orf19.5376 minimally contributes to Snf1 activation, we believe that the very low levels of activated Snf1 that were sometimes detected in the sak1D mutants are due to unspecific phosphorylation by kinases whose bona fide targets have sufficient similarity with Snf1. This assumption is supported by the fact that the a-Snf1* antibody weakly cross-reacts with additional phosphorylated proteins. We conclude from our results that Sak1 is the only dedicated Snf1-activating kinase and therefore Protein extracts were prepared from log-phase cells and analysed by western blotting with an antibody against Thr208-phosphorylated Snf1 (a-Snf1*) or an anti-HA antibody (a-HA). Both independently generated series of mutants are shown in each case. A. Thr208 phosphorylation of Snf1 in the wild type, snf4D mutants, and complemented strains grown in YPD medium. B. Snf1-HA levels in wild-type and snf4D cells containing an HAtagged SNF1 allele; strains were grown in YPD medium. C. Thr208 phosphorylation of Snf1 in the wild type, snf4D mutants, and complemented strains grown in YP medium containing sucrose (YPSuc), acetate (YPAc), or glycerol (YPG) instead of glucose. A. Colony phenotypes of the wild-type strain SC5314 (white colonies) and the sak1D mutants (pink colonies) on YPD agar plates containing 5 mg ml 21 phloxine B and 50 mg ml 21 chloramphenicol after 3 days of growth at 308C. B. Relative proportion of the wild type (circles) and sak1D mutants (triangles) in the inoculum (day 0) and in samples recovered at the indicated times from the feces of intragastrically infected animals. Red symbols: Wild type 1 sak1D mutant A; blue symbols: Wild type 1 sak1D mutant B. Detailed data can be found in Table S4 .
Sak1 is essential for in vivo fitness of C. albicans 1001 plays a key role in the control of this signalling pathway in C. albicans. Despite the importance of Sak1 for Snf1 activation, Snf1 retained some basal activity in the absence of Sak1. This is obvious from the fact that Snf1 is essential for viability in C. albicans, whereas SAK1 can be deleted. Residual low-level Snf1 phosphorylation by unspecific kinases may contribute to the survival of sak1D mutants, but mutants with a nonphosphorylatable Snf1 T208A were also viable and could grow at least under optimal conditions. As explained earlier, the more severe phenotypes of the latter mutants could be caused by the complete elimination of Thr208 phosphorylation and also by the presence of an aliphatic alanine residue instead of the polar threonine residue. Mutants lacking the activating g subunit Snf4 also had more severe phenotypes than sak1D mutants. The basal activity of Snf1 in the absence of Sak1 apparently was sufficient to allow relatively good growth on sucrose and acetate, on which snf4D mutants and cells with the T208A mutation in Snf1 could not grow. Interestingly, a recent study reported that a K81R mutation in the ATPbinding pocket of CaSnf1, which should abolish its kinase activity, was not lethal, and the authors concluded that the kinase function of Snf1 was not required for its essential function in C. albicans (Vyas et al., 2015) . However, the possibility that the mutated protein retained some residual kinase activity that rendered the cells viable was not ruled out. In any case, why Snf1 is essential in C. albicans remains an open question and is an interesting area for future research. Our findings that the expression of many genes involved in cell wall organisation/biogenesis and polysaccharide metabolism was altered in sak1D mutants and that the mutants were hypersensitive to cell wall/ membrane stress argue that Sak1 is important for maintenance of a proper cell wall. This concurs with a report that S. cerevisiae mutants lacking activated Snf1 have a defect in cell wall integrity (Backhaus et al., 2013) . Further support for this conclusion comes from a recent study in which 14 C. albicans protein kinase genes were expressed from a weak promoter (Woolford et al., 2016) . The diminished expression of SNF1 and SAK1 caused activation of the Cek1 MAP kinase, which may point to cell wall stress (Roman et al., 2009) , in line with our results.
Although we initially identified Sak1 as a protein kinase that is required for filamentous growth on Spider medium, our subsequent investigations showed that the morphogenesis defect of sak1D mutants is caused by their inability to properly react to carbon source limitation, because hypha formation could be efficiently induced by other stimuli. In S. cerevisiae, Snf1 is also required for filamentous growth in response to nutrient limitation, including nitrogen starvation (Cullen and Sprague, 2000; Kuchin et al., 2002; Palecek et al., 2002) . Here, Snf1 activation depends on Sak1, but not the other two upstream kinases, to promote filamentation, and the filamentous growth defect of a sak1D mutant is bypassed by a hyperactive Snf1 (Orlova et al., 2010) . Interestingly, the C. albicans sak1D mutants grew normally and did not exhibit a filamentation defect on SLAD plates, indicating that Sak1 is not required for adaptation to nitrogen limitation in C. albicans. The slightly enhanced filamentation under these conditions is most likely explained by the fact that the sak1D mutants did not optimally utilise glucose even at high concentrations (see Fig. 2A ), presumably because of the reduced expression of glucose transporters (Table S3) , and nitrogen limitation stimulated morphogenesis more strongly in these cells. In contrast, mutants containing a nonphosphorylatable Snf1 or lacking the Snf4 subunit of the SNF1 complex were unable to grow on SLAD plates. While this result might indicate that the basal activity of Snf1 in sak1D mutants is necessary and sufficient to adapt to nitrogen limitation, it is noteworthy that snf4D mutants and cells with the T208A mutation in Snf1 exhibited significantly reduced growth also in the presence of high glucose concentrations and excess nitrogen. Even wild-type cells grow very slowly on SLAD plates, and the inability of the latter mutants to efficiently utilise glucose probably prevents growth under these conditions. While in S. cerevisiae Snf1 is phosphorylated and thereby activated in response to glucose limitation and other stress conditions (Hedbacker and Carlson, 2008) , Snf1 is constitutively phosphorylated in C. albicans, and it has been hypothesised that this explains why Snf1 is essential in the latter species (Orlova et al., 2008) . In line with these previous results, we also observed Sak1-dependent, constitutive Snf1 phosphorylation in rich YPD medium. Although Snf1 phosphorylation may be further increased in response to specific stress conditions, the question remains why C. albicans maintains Snf1 in a constitutively activated form. It has been suggested that the simultaneous assimilation of alternative carbon sources even in the presence of the preferred carbon source glucose contributes to the physiological robustness of C. albicans in vivo (Brown et al., 2007; Childers et al., 2016) . Recent evidence indicates that this is mainly achieved at the posttranscriptional level, by preventing the degradation of the corresponding enzymes, because the genes required for the utilisation of alternative carbon sources are repressed in the presence of glucose (Sandai et al., 2012) . We found that even in rich YPD medium the expression of PCK1 and ICL1, which encode key enzymes of gluconeogenesis and the glyoxylate cycle, respectively, was further repressed about fivefold in the absence of Sak1 (Table  S3) . Therefore, the constitutive activation of Snf1 by Sak1 in glucose-containing media ensures a basal expression level of these genes and is an additional mechanism that contributes to the metabolic plasticity of C. albicans. It can be assumed that, apart from the genes that we found to be regulated by Sak1/Snf1 in rich YPD medium, additional genes that are needed for the utilisation of specific carbon sources and stress adaptation will be upregulated in a Sak1/Snf1-dependent manner under inducing conditions. The activity of Thr208-phosphorylated Snf1 may be modulated via the b and g subunits of the SNF1 complex and also by phosphorylation (or other modifications) at additional sites, as was recently suggested for Snf1 regulation in S. cerevisiae (McCartney et al., 2016) . Furthermore, downstream transcription factors are likely to be controlled by additional upstream activators to ensure signal integration and induction of appropriate target genes in response to specific signals.
Having identified Sak1 as a key Snf1 activator that is important for metabolic adaptation and stress resistance in C. albicans, it was important to assess its relevance for the establishment of the fungus in a mammalian host. Using a mouse model of gastrointestinal colonisation, we found that Sak1 is also crucial for the in vivo fitness of C. albicans, which provides further evidence that Sak1 is a pivotal and probably the only dedicated Snf1-activating kinase in C. albicans. The inability to utilise many alternative carbon sources may account for the observed in vivo fitness defect of the sak1D mutants, but their high sensitivity to cell wall/membrane stress is certainly an additional factor. Although we did not test the virulence of the sak1D mutants in other infection models, the importance of Sak1 for efficient nutrient utilisation and stress resistance makes it highly likely that they are also unable to establish themselves in many other host niches. Protein kinases are major drug targets, and the essentiality of Snf1 for the viability of C. albicans makes it an attractive target for the development of novel antifungal drugs. However, its similarity to human AMPK may pose specificity problems, and the importance of Sak1 for Snf1 functionality in C. albicans suggests that the inhibition of Sak1 may be a promising alternative option.
Experimental procedures

Strains and growth conditions
The C. albicans strains used in this study are listed in Tables S1 and S2. All strains were stored as frozen stocks with 17.2% glycerol at 2808C. Strains were routinely grown in YPD liquid medium (10 g yeast extract, 20 g peptone and 20 g glucose per liter) at 308C in a shaking incubator. To prepare solid media, 1.5% agar was added before autoclaving. For selection of nourseothricin-resistant transformants, 200 mg ml 21 nourseothricin (Werner Bioagents, Jena, Germany) was added to YPD agar plates. To obtain nourseothricin-sensitive derivatives in which the SAT1 flipper cassette was excised by FLP-mediated recombination, transformants were grown overnight in YCB-BSA-YE medium (23.4 g yeast carbon base, 4 g bovine serum albumin, 2 g yeast extract per liter, pH 4.0) without selective pressure to induce the SAP2 promoter controlling caFLP expression. Appropriate dilutions were plated on YPD agar plates and grown for 2 days at 308C. Individual colonies were picked and streaked on YPD plates as well as on YPD plates with 100 mg ml 21 nourseothricin to confirm nourseothricin sensitivity.
Plasmid constructions
For gene deletions, about 0.4-0.5 kb of the upstream and downstream regions of the target genes were amplified from genomic DNA of strain SC5314 (primers are listed in Table S5 ), digested at the introduced SacI/SacII and XhoI/ ApaI sites, respectively, and cloned on both sides of the SAT1 flipper cassette in plasmid pSFS5 (Sasse et al., 2011) . For reintroduction of functional gene copies into deletion mutants, the complete coding regions and flanking sequences were amplified as SacI-SacII fragments and inserted in place of the upstream flanking region in the corresponding deletion constructs. To introduce the L181I mutation into SNF1, the upstream region and a part of the SNF1 coding region were amplified with primers SNF1.01 and SNF1L181I.02, and the remainder of the SNF1 coding region and downstream sequences were amplified with primers SNF1L181I.01 and SNF1.05. The gel-purified PCR products were then used as templates in a fusion PCR with primers SNF1.01 and SNF1.05, and the SacI/SacIIdigested PCR product was substituted for the SNF1 upstream region in the SNF1 deletion construct. The T208A mutation was introduced into SNF1 in an analogous fashion using primers SNF1.01, SNF1T208A.02, SNF1T208A.01 and SNF1.05. To generate a C-terminally truncated Snf1, the upstream region and a part of the SNF1 coding region were amplified with primers SNF1.01 and SNF1delCterm.01, which introduced a TAA stop codon instead of the Tyr341 codon. The SNF1 downstream region was amplified with primers SNF1delCterm.02 and SNF1.05. The gel-purified PCR products served as templates in a fusion PCR with primers SNF1.01 and SNF1.05, and the SacI/SacII-digested PCR product was substituted for the SNF1 upstream region in the SNF1 deletion construct. To obtain an HA-tagged Snf1, the C-terminal part of SNF1 was amplified with primers SNF1-GFP.01 and SNF1-HA. The gel-purified PCR product was digested at the introduced SacI and BamHI sites, fused with a BamHI-SacII fragment from pCEK1H1 (Ram ırez-Zavala et al., 2013) containing the 3xHA tag followed by a stop codon and the ACT1 transcription termination sequence and substituted for the SNF1 upstream region in the SNF1 deletion construct.
Sak1 is essential for in vivo fitness of C. albicans 1003 C. albicans strain construction C. albicans strains were transformed by electroporation (Reuß et al., 2004) with gel-purified inserts from the plasmids described above. The correct genomic integration of all constructs and excision of the SAT1 flipper cassette were confirmed by Southern hybridisation using the flanking sequences as probes.
Isolation of genomic DNA and southern hybridisation
Genomic DNA from C. albicans strains was isolated as described previously (Reuß et al., 2004) . The DNA was digested with appropriate restriction enzymes, separated on a 1% agarose gel, transferred by vacuum blotting onto a nylon membrane and fixed by UV cross-linking. Southern hybridisation with enhanced chemiluminescence-labelled probes was performed with the Amersham ECL Direct Nucleic Acid Labelling and Detection System (GE Healthcare UK Limited, Little Chalfont Buckinghamshire, UK) according to the instructions of the manufacturer.
Phenotypic assays
Growth on different carbon sources and resistance to cell wall/membrane stress were tested by dilution spot assays as described in the legends to the figures. Carbon source utilisation was tested on YNB agar plates (0.67% yeast nitrogen base with ammonium sulfate and 2% agar) containing 2% glucose, sucrose, glycerol, ethanol, citric acid, lactic acid, potassium acetate or oleic acid. Growth on sucrose, glycerol and acetate was also tested on YPD plates containing 2% of these carbon sources instead of glucose. Stress resistance was tested on YPD plates containing 50 mg ml 21 Congo Red, 15 mM caffeine or 0.04% SDS. Colony morphology was assayed on the following solid media: Spider (1% nutrient broth, 1% mannitol, 0.2% dipotassium phosphate and 1.35% agar), Spider D (1% nutrient broth, 0.5% glucose, 0.2% dipotassium phosphate and 1.35% agar), SLAD (0.17% yeast nitrogen base without ammonium sulfate, 50 mM ammonium sulfate, 2% glucose and 2% agar) and serum (10% fetal calf serum [FCS] and 2% agar). Hypha formation was also induced in liquid Spider medium and in RPMI 1640 medium (Gibco) containing 10% FCS.
Western blotting
Overnight cultures of the strains were diluted 10 22 in 50 ml fresh YPD medium and grown for 3 h at 308C. For growth on alternative carbon sources, the strains were incubated for only 1 h at 308C, washed in sterile water, resuspended in 50 ml of YP medium supplemented with 2% of the different carbon sources and grown for additional 2 h. Cells were collected by centrifugation, washed in 1 ml breaking buffer (100 mM TEAB, 150 mM NaCl, 1% SDS, cOmplete EDTAfree Protease Inhibitor Cocktail and PhosStop Phosphatase Inhibitor Cocktail; Roche Diagnostics GmbH, Mannheim, Germany) and resuspended in 500 ml breaking buffer supplemented with protease and phosphatase inhibitors. An equal volume of 0.5 mm acid-washed glass beads was added to each tube. Cells were mechanically disrupted on a FastPrep-24 cell-homogenizer (MP Biomedicals, Santa Ana, USA) with three 40 s pulses, with 5 min on ice between each pulse. Samples were centrifuged at 13,000 rpm for 15 min at 48C, the supernatant was collected, and the protein concentration was quantified using the Bradford protein assay. Equal amounts of protein of each sample were mixed with one volume of 23 Laemmli buffer, heated for 5 min at 958C and separated on an SDS-9% polyacrylamide gel. Separated proteins were transferred onto a nitrocellulose membrane with a mini-Protean System (Bio-Rad, Munich, Germany) and stained with Ponceau S to control for equal loading. To detect T208 phosphorylation of Snf1, membranes were blocked in 5% BSA in TBST at room temperature for 1 h and subsequently incubated overnight at 48C with Phospho-AMPKa (Thr172) antibody (#2531, Cell Signaling Technology, Danvers, USA). Membranes were washed in TBST and incubated at room temperature for 1 h with antirabbit HRP G-21234 antibody (Invitrogen GmbH, Darmstadt, Germany) . For the detection of HA-tagged proteins, membranes were blocked in 5% milk in TBST and incubated overnight with rat monoclonal anti-HA-Peroxidase antibody (Roche Diagnostics GmbH, Mannheim, Germany). Membranes were washed and signals detected with the ECL chemiluminescence detection system (GE Healthcare Bio-Sciences GmbH, Munich, Germany). For phosphatase treatment, the cell extracts were prepared as described above, except that the phosphatase inhibitor cocktail was omitted in the breaking buffer. Cell extracts were incubated with k Protein Phosphatase (New England Biolabs, Ipswich, USA) at 308C for 30 min.
Transcriptional profiling
For RNA isolation, overnight cultures of C. albicans strains were diluted 10 22 in fresh YPD medium and grown for 4 h at 308C. Cells were collected by centrifugation for 3 min at 4,500 rpm, immediately frozen in liquid nitrogen and stored at 2808C. RNA was isolated using the RNeasy Minikit (Qiagen) with a glass bead disruption protocol; sufficient concentration and quality were verified using the NanoDrop 1000 and the Agilent 2100 Bioanalyzer Nanochip system, respectively, according to the manufacturers' protocols.
Microarray analyses were performed as described previously (Gerwien et al., 2016) , with adaptations for C. albicans. Briefly, the one-color QuickAmp labelling kit (Agilent) was used to generate cRNA with fluorescently labelled CTP (Cy5 or Cy3 CTP; GE Healthcare) from high-quality total fungal RNA. Labelled cRNA was purified using the RNeasy Minikit (Qiagen), and sufficient dye incorporation was verified by spectrophotometry with the NanoDrop instrument. C. albicans arrays were purchased from Agilent technologies (GEO accession number GPL19932). The arrays were hybridised in triplicate for each independent mutant, using a two-color hybridisation system (mutant vs. wild type). The Gene Expression Hybridization kit (Agilent) was used according to the manufacturer's instructions, and the arrays were scanned with a GenePix 4200AL scanner (GenePix Pro 6.1; 635 and 594 nm; automatically determined photomultiplier tube [PMT] gains; pixel size 5 nm). Data were extracted using the Agilent Feature Extractor (Version 12.0) and imported into GeneSpring 12.1 (Agilent) for analysis.
All microarray data are available at the NCBI GEO microarray repository (E-MTAB-4515).
In vivo fitness tests
For infection experiments, female BALB/c mice were fed with 1 mg ml 21 tetracycline, 2 mg ml 21 streptomycin and 0.1 mg ml 21 gentamicin in their drinking water, starting from day 4 prior to infection. C. albicans strains were grown overnight in YPD medium at 308C, washed two times in phosphate-buffered saline (PBS) and adjusted to a density of 10 9 cells ml 21 . Each of the sak1D mutants SC3840M4A and SC3840M4B was mixed in a 1:1 ratio with the wild-type parental strain SC5314. Fifty microliters containing approximately 5 3 10 7 cells of the mixed suspensions were intragastrically applied to the mice (five mice per strain pair; one mouse, from which no colonies were recovered on day 1, died on day 2 and was excluded). After 24 h and on the following days, the feces of the mice were collected and homogenised in sterile water. A dilution series was prepared and spread on YPD plates containing 50 mg ml 21 chloramphenicol and 5 mg ml 21 phloxine B. The proportions of wild-type and sak1D cells in the inoculum and in the populations recovered on each following day from the feces were determined by counting the number of white and pink colonies, respectively. Two additional mice were infected with strains SC5314 or SC3840M4A alone to verify that wild-type and sak1D mutant cells maintained their characteristic colony phenotypes during the infection.
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